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1. Introduction 

High-energy collisions of heavy atomic nuclei allow to explore the behaviour of strongly interact- 
ing matter at high temperatures, where a new phase of matter, the Quark-Gluon Plasma (QGP), 
is predicted to exist (for a recent review see [1]). Heavy quarks (charm and beauty), abundantly 
produced in heavy ion collisions at the Large Hadron Collider (LHC), provide sensitive penetrating 
probes of such matter. Due to their large mass, they are believed to be predominantly produced in 
the initial state of the collision by gluon fusion processes and thus provide information about the 
hottest initial phase. These heavy quarks propagate through the hot and dense QCD matter and lose 
energy through medium-indiuced gluon radiation (colour charge dependent) and collisions with 
the medium. Moreover, theoretical models predicted that heavy quarks should experience smaller 
energy loss than light quarks due to the suppression of small angle gluon radiation {dead-cone ef- 
fect [2, 3]). Thus, the study of heavy-flavour production in nucleus-nucleus collisions provides key 
tests of parton energy-loss models yielding profound insight into the properties of the produced 
QCD matter. 

Medium effects are typically quantified using the nuclear modification factor 7?aa where the par- 
ticle yield in Pb-Pb collisions is divided by the yield in pp reactions scaled by the number of 
binary collisions. /?aa=1 would indicate that no nuclear effects, such as Cronin effect, shadowing 
or gluon saturation, are present and that nucleus-nucleus collisions can be considered as an incoher- 
ent superposition of nucleon-nucleon interactions. By comparing the nuclear modification factor of 
charged pions (/? AA ), mostly originating from gluon fragmentation at this collision energy, with 
that of hadrons with charm and beauty /? AA the dependence of the energy loss on the parton 
nature (quark/gluon) and mass can be investigated. A mass ordering pattern 7? AA < /? AA < /? AA is 
expected [4]. 

2. ALICE detector setup, trigger and data set 

ALICE, A Large Ion Collider Experiment, is the dedicated detector for measurements on high en- 
ergy heavy-ion collisions [5, 6]. Results with the first LHC Pb-Pb data are reported in [7, 8]. Its 
characteristic features are the very low momentum cut-off (100 MeV/c), the low material budget 
and the excellent particle identification and vertexing capabilities in a high multiplicity environ- 
ment. At mid-rapidity, tracking with up to 159 three-dimensional space-points and particle identi- 
fication through the measurement of the specific ionisation energy loss (dE/dx) is performed using 
the large volume Time Projection Chamber (TPC), located inside the large solenoidal magnet with 
a field of B = 0.5 T. The TPC has a coverage from -0.9 to 0.9 in pseudo-rapidity and 271 in az- 
imuth. The relative dE/dx resolution is 5-6% and the relative momentum resolution Ap/p is 5% at 
100 GeV/c. The particle identification up to about p t < 2 GeV/c is performed with the Time Of 
Flight (TOF) detector, which has an intrinsic time resolution better than 100 ps. The Inner Track- 
ing System consists of six concentric cylindrical layers of silicon detectors and provides excellent 
reconstruction of displaced vertices with a transverse impact parameter resolution better than 65 
;Um for p t > 1 GeV/c [9]. The track impact parameter resolution in the transverse plane in pp and 
Pb-Pb collisions is depicted in Fig. 1. The total material budget for radial tracks in the transverse 
plane is ps 7.7% of the radiation length. At forward rapidity (—4 < tj < —2.5) muons are identified 
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Figure 1: Track impact parameter (do) resolution in the transverse plane (r(j) direction) as a function of p t 
in pp (left panel) and Pb-Pb collisions (right panel) comparing data and Monte Carlo simulation [9]. This 
resolution includes the uncertainty in the primary vertex position, which is reconstructed excluding the track 
being probed. For p t < 2 GeV/c, pion identification by the TPC or TOF detectors is required. 



in the muon spectrometer. The muon spectrometer detects muons with momentum larger than 4 
GeV/c and is composed of two absorbers, a dipole magnet providing a field integral of 3 Tm, and 
tracking and trigger chambers. Tracking is performed by means of five tracking chambers with an 
intrinsic spatial resolution better than 100 jiim. 

The Pb-Pb data presented in this paper were collected with a minimum-bias trigger in November- 
December 2010 during the first run with heavy-ions at the LHC at a centre-of-mass energy of 
Y / 5nn = 2.76 TeV per nucleon-nucleon pair. This trigger is based on the information of the two 
innermost silicon layers (|t]| < 2) and the VZERO scintillator hodoscopes (2.8 < rj < 5.1 and 
—3.7 < tj < —1.7). The efficiency for triggering hadronic interactions was 100% for Pb-Pb col- 
lisions in the centrality range considered in the analyses. Beam background collisions were re- 
moved offline on the basis of the timing information provided by the VZERO and the Zero Degree 
Calorimeters (located near the beam pipe at z ± 1 14 m from the interaction point). Only events with 
a vertex position within 10 cm from the centre of the detector along the beam line were used, result- 
ing in 17M events. The forward single-muon arm triggers in coincidence with the minimum-bias 
trigger. The Pb-Pb data are classified based on their centrality defined in terms of percentiles of the 
hadronic Pb-Pb cross section and determined from the distribution of the summed amplitudes in 
the VZERO detector. This distribution was fitted using the Glauber model for the geometrical de- 
scription of the nuclear collision together with a two-component model for particle production [10]. 
The pp results correspond to 315M and 180M minimum-bias events at ^fs = 7 TeV for the D meson 
(integrated luminosity: 5 nb~') and single electron analyses (2.6 nb _1 ), respectively, and 2M muon 
triggered events (16.5 nb _1 ). 

3. Results 

The following sections give a brief description of the analyses and results on charm and beauty 
production in pp and Pb-Pb collisions at ^fs = 2.76 and 7 TeV and ^ s /s^^ = 2.76 TeV, respectively, 
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Figure 2: (colour online) /^-differential inclusive cross section for prompt D°, D* + and D + mesons for 
|tj I < 0.5 in pp collisions at s/s = 7 TeV [11], compared with FONLL [14] and GM-VFNS [15] theoretical 
calculations. The symbols are positioned horizontally at the centre of each p x interval. The normalization 
uncertainty is not shown (3.5% from the minimum-bias cross section plus the branching ratio uncertainties). 



via the exclusive reconstruction of hadronic and semi-leptonic decays of D and B mesons. Some 
of those results are already available as journal publications: D meson production in pp reactions 
at y/s = 7 TeV [11] and in Pb-Pb collisions at v / ^nn = 2.76 TeV [12] and heavy-flavour decays 
muons in pp interactions at y/s = 7 TeV [13]. 

3.1 D mesons at mid-rapidity 

D°, D*+ and D+ mesons are reconstructed through their hadronic channels: D° — > K n + (BR = 
(3.91 ±0.05)%), D*+ ^D°7r+ (BR = (67.7 ±0.5)%) and D + — »■ K + k~k + (BR = (9.22 ±0.21)%), 
based on their decay topology and the invariant mass technique. The kaon and pion identification 
using TPC and TOF helps to reduce background at low p t . Details of the analysis can be found 
in [11, 12]. The feed-down from beauty decays is calculated from theory and gives a contribution 
of 10-15%. The differential cross section for prompt D°, D* + and D + mesons, measured in the 
p t range 1-24 GeV/c, is shown in Fig. 2. The data are well described within uncertainties by 
perturbative QCD calculations at Fixed-Order plus Next-to-Leading Logarithm (FONLL) level [14] 
and GM-VFNS predictions [15]. 

The D meson production cross section was also measured in pp collisions at y/s = 2.76 TeV (L !?! , = 
1.1 nb _1 ).The total charm cross section was extracted by extrapolating the measurements to the full 
phase space. The measured charm cross sections fit into the world data trend and is well described 
by NLO MNR calculation [16] as shown in Fig. 3. These data are important baseline measurements 
for quarkonia studies in Pb-Pb collisions and the corresponding parton spectra from pQCD serve 
as an input for energy loss models. 

The first measurement of the nuclear modification factor of prompt D°, D* + and D + mesons in Pb- 
Pb collisions at - v /snn = 2.76 TeV is shown in Fig. 4 for the centrality classes 0-20% and 40-80%. 
The Raa of the three D meson species agree within statistical uncertainties and shows for the 20% 
most central collisions a strong suppression by a factor of 4-5 for p t > 5 GeV/c. Less suppression 
is observed for the centrality class 40-80%. The average Raa of D mesons in the 0-20% central- 
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Figure 3: Comparison of total charm cross section in pp collisions at y^s = 2.76 and 7 TeV with the world 
data. The NLO MNR calculation [16] (and its uncertainties) is represented by solid (dashed) lines. 
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Figure 4: (colour online) R AA for prompt D°, D*+ and D+ in the 0-20% (left) and 40-80% (right) central- 
ity classes [12]. Statistical (bars), systematic (empty boxes), and normalization (full box) uncertainties are 
shown. Horizontal error bars reflect bin widths, symbols were placed at the centre of the bin. 



ity class is compatible, within uncertainties, with the R AA of charged hadrons [17] (cf. Fig. 5, left 
panel). There are indications that R® A > at lower p t , although more data are necessary to draw 
final conclusions. In Fig. 5 (right panel) the R A \ A measurement is compared with expectation from 
the NLO pQCD calculations [16] with nuclear shadowing using the EPS09 parametrisation [18]. 
Only little shadowing is expected in this p t range. Thus the observed suppression is a final state 
effect, namely due to the interaction of the heavy quarks with the hot QCD medium. In Fig. 6 
the nuclear modification factor for the average D mesons and charged hadrons in the 20% most 
central Pb-Pb collisions are confronted with several theoretical models based on parton energy loss 
(see [12] for details). Among the models that compute both observables, radiative energy loss sup- 
plemented with in-medium D meson dissociation and radiative plus collisional energy loss in the 
WHDG and CUJET1.0 implementations simultaneously describe the charm and light-flavour sup- 



5 



Open heavy flavour Raa in ALICE 



Andre Mischke 




ALICE 
0-20% centrality 
Pb-Pb,\6 NN = 2.76TeV 

Average D°, D*, D* + , |y|<0.5 
Charged hadrons, h|<0.8 
CMS non-prompt J/v|/, |y|<2.4 



10 12 



14 16 18 

p, (GeV/c) 



o 



1.2 
1 

0.8 
0.6 
0.4 
0.2 



ALICE 

0-20% centrality 
Pb-Pb,\/s^ = 2.76 TeV 
Average D°, D", D°* |y|<0.5 
g NLO(MNR) with EPS09 shad. 




8 10 



12 14 16 18 

p (GeV/c) 



Figure 5: Average Raa of D mesons in the 0-20% centrality class [12] compared to: left, the nuclear modi- 
fication factors of charged hadrons [17] in the same centrality class and non-prompt }/y/ from B decays; 
right, the expectation from NLO pQCD [16] with nuclear shadowing [18]. 



U 

■ - i 
' \* 



I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 
Average D°, D*, D - * 



/|<0.5 



ALICE 
0-20% centrality 
Pb-PbA&i - 2.76 TeV 




- B H P - 



r7ri. 1 , k r,'" , *"""** i " 7 '-' _ 



i 1 1 1 1 1 1 1 1 1 1 1 i 1 1 1 i 1 1 1 1 

Charged hadrons, h|<0.8 



Vitev rad (I) 
Vitev rad + dissoc (I) 
WHDG rad + ooll (II) 
AdS/CFT Drag (III) 
Langevin HTL2 (IV) 
Coll + LPM rad (V) 
BAMPS (VI) 
CUJET1 .0 (VII) 
BDMPS-ASW rad (VIII) 




12 14 16 
P, (GeV/c) 



14 16 

P, (GeV/c) 



Figure 6: (colour online) Average Raa of D mesons [12] (left) and Raa of charged hadrons [17] (right) in 
the 0-20% centrality class compared to different model calculations based on parton energy loss (see [12] 
for details). The two normalisation uncertainties are almost fully correlated. 



pression reasonably well. While in the former calculation the medium density is tuned to describe 
the inclusive jet suppression at LHC energies, for the latter two it is extrapolated to LHC condi- 
tions starting from the value that describes the pion suppression at RHIC energy. This might explain 
why these two models are somewhat low with respect to the charged-hadron Raa- A model based 
on AdS/CFT drag coefficients underestimates significantly the charm Raa and has very limited 
predictive power for the light-flavour Raa- 

3.2 Single electrons from heavy-flavour decays at mid-rapidity 

The cross section for open heavy-flavour production at mid-rapidity has also been studied through 
the measurement of single electrons. Those electrons are identified, using the TPC and TOF de- 
tectors, on a statistical basis by subtracting a cocktail of background electrons from the inclusive 
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Figure 7: Electron identification using the normalized TPC AE /Ax distribution. The upper band is electrons, 
the lower one charged pions. 




Figure 8: Invariant cross section of electrons from charm or beauty decays (left panel) and beauty decays 
only (right panel) in pp collisions at y/s = 7 TeV, compared to FONLL calculations (red and blues curves) 
and to expectations from D meson decay electrons (left panel). 

electron spectrum. This background arises mainly from y conversion electrons in the detector ma- 
terial and 71° Dalitz decays. For p t up to a few GeV/c this cocktail can be determined precisely by 
means of the measured 71° cross section. Figure 7 depicts the momentum dependence of the nor- 
malized TPC d£7dx distribution after applying a cut on the TOF signal, which rejects kaons (< 1.5 
GeV/c) and protons (< 3 GeV/c). A d£Vdx cut separates electrons from charged pions up to about 
10 GeV/c with a residual pion contamination of less than 15%. Figure 8 (left panel) illustrates the 
single electron cross section in pp reactions at *Js = 7 TeV, which has a total systematic uncertainty 
of 16-20% (pi dependent) plus 7% for the normalisation. The data are well described by FONLL 
calculations [14] within uncertainties. Moreover, the low p t single electron spectrum agrees with 
expectations from D meson decay electrons. Similar measurements at high-/? t using the EMCal and 
TRD detectors are ongoing. 
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Figure 9: Nuclear modification factor for cocktail-subtracted electrons in the 10% most central Pb-Pb colli- 
sions at y^snn = 2.76 TeV. The blue boxes are the systematic uncertainties. 



Electrons from beauty decays are identified through displaced vertices. A selection is applied by 
requiring electrons to miss the interaction vertex by at least three times the error on the separation 
of the track from the vertex (of the order of 80/im at 2 GeV/c). The remaining contribution from 
charm decays is estimated from the D meson cross section at mid-rapidity and subtracted. The 
resulting spectrum of electrons from beauty decays is shown in Fig. 8 (right panel) and is well 
described by FONLL calculations [14] within uncertainties. 

A similar analysis was performed with the 2010 Pb-Pb data set. The hadron contamination in the 
election sample remains below 10% in the momentum range between 1.5 and 6 GeV/c. The nuclear 
modification factor of cocktail-subtracted electrons for the most 10% central Pb-Pb collisions at 
Y / 5nn = 2.76 TeV is shown in Fig. 9. The 7?^ ctron and R® A at high p t (cf. Fig. 4) are consis- 
tent within uncertainties. Studies are ongoing to determine the bottom contribution to the single 
electrons experimentally using the electron displacement method and azimuthal angular correla- 
tions [19]. However, FONLL calculations indicate that b-hadron decays start to dominate above 
«5-6 GeV/c. Thus, beauty suppression appears to be large. 

3.3 Single muons from heavy-flavour decays at forward rapidity 

Heavy-flavour production at forward rapidities (—4 < T] < —2.5) is studied with single muons 
using the ALICE muon spectrometer. The extraction of the heavy-flavour contribution of the sin- 
gle muon spectra requires the subtraction of three main background sources: a) muons from the 
decay-in-flight of light hadrons (decay muons); b) muons from the decay of hadrons produced in 
the interaction with the front absorber (secondary muons); c) punch-through hadrons. The last con- 
tribution can be efficiently rejected by requiring the matching of the reconstructed tracks with the 
tracks in the trigger system. Due to the lower mass of the parent particles, the background muons 
have a softer p t distribution than the heavy-flavour muons, and dominate the low-p t region. There- 
fore, the analysis is restricted to the p t range 2-12 GeV/c. Simulation studies indicate that, in this p t 
range, the contribution of secondary muons is small (about 3%). The main source of background in 
this region consists of decay muons (about 25%), which have been subtracted using Monte Carlo 
simulations. Figure 10 illustrates the cross section of heavy-flavour decay muons as a function of 
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Figure 10: Differential transverse momentum cross section for single muons in -4< 77 <-2.5 [13]. The 
statistical error is smaller than the markers. The systematic errors (open boxes) do not include an additional 
10% error on the minimum-bias pp cross section. The grey band indicates the FONLL prediction. 
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Figure 11: Centrality dependence of the /?cp for single muons in the p t range 6-10 GeV/c at forward rapidity 
in Pb— Pb collisions at -i/^nn = 

2.76 TeV. 



p t (left panel) and y (right panel) in pp collisions at ^fs = 7 TeV [13]. The FONLL calculation [14] 
agrees with the data within uncertainties. Single muons were measured in Pb-Pb collisions at 
^Ann = 2.76 TeV using a similar analysis procedure. The Rqp for single muons in the p t range 
6-10 GeV/c shows a clear centrality dependence (cf. Figure 11). 



4. Summary 

Heavy quarks are particularly good probes to study the properties of hot QCD matter (especially 
the transport properties). The Raa of D°, D* + and D + was measured for the first time as a function 
of transverse momentum and centrality in Pb-Pb collisions at ^/snn = 2.76 TeV and indicate strong 
in-medium energy loss for charm quarks. The suppression is almost as large as that observed for 
charged (light-flavour) hadrons, with a possible indication of R® A > R\a, although not fully signifi- 
cant with the present level of experimental uncertainties. The expected effect of nuclear shadowing 
is small (< 15%) above p t = 6 GeV/c, indicating that the large measured suppression cannot be 
explained by initial-state effects. Some of the pQCD models based on various implementations of 
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parton energy loss succeed reasonably well at describing simultaneously the suppression of light 
flavour and charm hadrons. Single electrons and muons show similar suppression at and above p t > 
5 GeV/c, where beauty decays are dominant according to NLO pQCD calculations. The precision 
of the D meson measurements will be improved in the future and the direct measurement of the 
Raa of electrons from beauty decays should be possible using the large sample of Pb-Pb collisions 
recorded in 201 1. In addition, the upcoming p-Pb run in 2012 will provide insight on cold nuclear 
matter effects in the low-momentum region. 
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